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ABSTRACT
The Signal Phase and Timing (SPaT) message is an 
important input for research and applications of Con-
nected Vehicles (CVs). However, the actuated signal con-
trollers are not able to directly give the SPaT information 
since the SPaT is influenced by both signal control logic 
and real-time traffic demand. This study elaborates an 
estimation method which is proposed according to the 
idea that an actuated signal controller would provide 
similar signal timing for similar traffic states. Thus, the 
quantitative description of traffic states is important. The 
traffic flow at each approaching lane has been compared 
to fluids. The state of fluids can be indicated by state 
parameters, e.g. speed or height, and its energy, which 
includes kinetic energy and potential energy. Similar to 
the fluids, this paper has proposed an energy model for 
traffic flow, and it has also added the queue length as an 
additional state parameter. Based on that, the traffic state 
of intersections can be descripted. Then, a pattern recog-
nition algorithm was developed to identify the most simi-
lar historical states and also their corresponding SPaTs, 
whose average is the estimated SPaT of this second. The 
result shows that the average error is 3.1 seconds.
KEYWORDS
connected vehicle; actuated signal control; signal 
timing estimation; energy model; queue length.
1.  INTRODUCTION
The intersection is the main type of bottlenecks 
for traffic networks. The bottleneck can cause high 
emissions, low efficiency, or even a safety prob-
lem. New technologies, such as Connected Vehi-
cles (CVs) and intelligent traffic system provide 
opportunities to improve the efficiency of intersec-
tions. Previous studies of CVs found that the tech-
nologies could improve the performance of inter-
sections by decreasing delay [1] and reducing oil 
consumption as well as emission [2]. Additionally, 
these new technologies can be employed to reduce 
delay by optimizing the signal timing or other traffic 
management strategies [3-7]. One of the necessary 
inputs of the above studies is the Signal Phase and 
Timing (SPaT) message, which includes all phases 
of this cycle, the length of these phases, and the gap 
between these phases. SPaT can be easily obtained 
from the fixed-timing signal controllers. However, 
obtaining SPaT for actuated signal controllers is 
difficult since their signal timing is not only related 
to the control logic but also to the real-time traffic 
conditions. On the other hand, CVs could provide 
vehicle speed and location information in real time. 
For one signal controller, if the control logic is not 
changed, the signal controller will give similar sig-
nal timing under similar traffic states, which is more 
easily and more possible to be obtained by using 
the CV data. Consequently, how the CV data can 
be used to estimate the signal timing of the actuated 
signal controllers has become an important topic.
There have been some studies on obtaining 
SPaT; however, almost all of them focused on the 
fixed-timing signal control [8-13]. Based on data 
sources, these studies can be divided into two cate-
gories. In the first category, data are collected from 
invasive detectors, such as loop detectors [8, 11]. 
Firstly, the delay patterns are measured by travel 
time. Key vehicles are identified by utilizing the 
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traffic state such as queue length, volume, and in-
dividual state information [17, 18]. CVs could be a 
possible solution to collect data of the traffic state 
for the actuated signals in real time. 
The aim of this study is to estimate the length 
of the current phase of the actuated signal control-
ler. Unlike the existing studies that use critical ve-
hicles or historical signal timings to estimate the 
signal timing, the algorithm proposed in this paper 
is based on real-time traffic states. The traffic states 
are obtained from the information from CVs. The 
signal timings of adaptive and actuated control are 
changed with the traffic state. This paper moves 
the focus from signal timing to traffic state, which 
would be a meaningful exploration for further stud-
ies on estimating the signal timings of the actuated 
or adaptive control. This paper tries to use the traffic 
state to estimate the signal timing without estimat-
ing the control logic. The main idea of this paper 
is that the actuated signal should provide similar 
timing schedule if the traffic condition is the same. 
To test this hypothesis, historical traffic state data 
and its corresponding signal timing were collected. 
The most similar historical traffic states are then se-
lected, and the current phase is estimated based on 
the signal timing of the selected historical state. The 
proposed algorithm is also located in cloud and will 
send the result of every second to road-side units or 
target vehicles in time.
The organization structure of this paper is as fol-
lows. The second Section introduces the definition 
of the traffic state and the traffic state extraction 
algorithm. The third Section describes the signal 
estimation algorithm. The fourth Section discusses 
the simulation evaluation. Finally, the fifth Section 
summarizes the conclusions.
2.  STATE EXTRACTION
The main idea of this study is to estimate the 
current phase duration in real time by recognizing 
similar historical traffic states. The algorithm flow-
chart is shown in Figure 1. The traffic state will be 
extracted at each time step and stored in the data-
base. Then, the algorithm will find similar histor-
ical states which have the same phase and similar 
passed green time in the database. The phase time 
of the current state will be calculated by using the 
phase times of these similar historical states. This 
study requires the estimation as an online algorithm, 
which requires a lighter calculation burden. As there 
is a huge amount of historical states, the traffic state 
delay patterns, and then they are used to estimate 
the signal timing information [11]. Key vehicles in-
clude the first and the last vehicle that pass the stop 
line in one signal control cycle. The main problem 
of this method is that there might be more than one 
cycle between two key vehicles. Although some 
studies have already applied mathematical iteration 
to correct the cycle length, these studies were based 
on using the engineering experience [8].
The second group of research uses the trajectory 
data to estimate the signal timing of the fixed-time 
signal controllers [9, 10, 12, 13]. Some researchers 
identify the key vehicles by stop event and delay, 
and the cycle is modified by using the maximum 
common divisor of the gap between critical vehi-
cles. The GPS data of mobile phones can also be 
used to estimate the signal timing. By identifying 
the stop and launch time of vehicles, the cycle and 
length of each phase is identified according to the 
traffic wave theory [9]. Since the penetration of tra-
jectory data would be low, the laws of kinematics 
were used to identify the starting time of the green 
and red lights [10]. The green time and cycle length 
estimation errors of the above procedures are be-
tween three and six seconds.
The actuated signal control is a common control 
type for intersections. However, the study seldom 
focuses on estimating the signal timing of the ac-
tuated signal controllers. The reason lies in the fact 
that the signal timing of actuated signal is strongly 
related to real-time traffic state [14, 15], while the 
real-time traffic state is hard to perceive. The exist-
ing study mainly estimates the length of the current 
phase with the method of probability theory based 
on the historical duration time instead of the histori-
cal traffic state [16]. This estimation method is only 
useful to the intersections whose signal controller 
has simple control logic and can only change the 
signal timing slightly. However, this method might 
not be appropriate to be used at the intersections 
whose traffic demand changes significantly and 
then results in the substantial change of signal tim-
ing. The reason of no real-time-traffic-state based 
actuated signal timing estimation is that the traffic 
state is hard to be extracted in detail and in time. 
Loop detectors can only get the state when a vehi-
cle is passing it. Real-time queue length is hard to 
obtain, not to mention the real-time state of every 
vehicle. Traffic camera can be used to get the re-
al-time queue length, but at a high cost. Trajectory 
data provided by CV have been used to estimated 
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energy of the fluids, which is the sum of potential 
and kinetic energy. The total energy, however, often 
corresponds to multiple possible states, as shown 
in Figure 2. State 1 has high kinetic energy and low 
potential energy, while Stage 2 has low kinetic ener-
gy and high potential energy. There is no doubt that 
State 1 and State 2 are two different states, but they 
have the same total energy. In order to determine the 
unique state of fluids, a state parameter is needed, 
such as the current height or the flow speed. As for 
the traffic flow, the queue length is selected as the 
of an intersection represented by several vectors 
is helpful to achieve this target. Furthermore, the 
number of vectors that indicate the traffic state of 
an intersection should be as small as possible. The 
state of an intersection is a set of the state of each 
approaching lane. The vehicles in one approaching 
lane can be seen as a traffic flow. The traffic flow 
has been researched by analogy with fluids. The 
state of fluids can be described by energy and a state 
parameter. The energy includes the potential energy 
and kinetic energy, while the state parameter can be 
the speed or the height of the fluids. Similarly, the 
state of the traffic flow can also be represented by 
energy and a state parameter. This section presents 
the energy by analogy with the concept of energy 
of fluids, enabling it to determine a certain state 
through a state parameter. Two vectors, composed 
of these two values, are used to represent the traffic 
state of the intersection. The relative notations are 
shown in Table 1.
In the traffic field, the traffic flow is often com-
pared to fluids. Determining an exact state of flu-
ids requires only two values. The first is the total 
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Figure 1 – Phase green time estimation algorithm flowchart















Figure 2 – Energy uniqueness
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fluids move to high ground, the kinetic energy of 
water transfers to potential energy: the speed and 
kinetic energy of the fluids decrease while the po-
tential energy increases. Similarly, the energy trans-
fer also exists in the intersection. For a special case 
in which only one vehicle drives in the intersection 
and the vehicle cannot pass the intersection without 
stopping, the vehicle has maximum kinetic energy 
when it just entered the range of the intersection; 
however, no large pressure on the intersection con-
troller is observed at this moment, as there is no 
urgent need to release it to pass the intersection 
immediately. By contrast, the speed of the vehicle 
decreases when it approaches the stop line, which 
causes the control pressure of the intersection con-
troller increasing sharply, just as shown in Figure 3. 
The intersection likes a “valve” in the traffic flow, 
state parameter. The queue length is one of the most 
important performance measures of an intersection 
[21]. The queue length is also often selected as the 
control objective of the signal timing optimization 
[22]. Only two numbers can indicate the state of the 
fluids. As for the traffic field, if the state of the traf-
fic flow of one approaching lane can be presented 
by two numbers, the traffic state of the intersection 
can be presented by two vectors which is composed 
of the energy and a state parameter of each ap-
proaching lane. After using two vectors to represent 
the traffic state of one intersection, there is no doubt 
that the efficiency and practicality of the pattern rec-
ognition algorithm will be greatly increased. 
The energy of the traffic flow, which is similar to 
that of the fluids, is composed of two components in 
an approaching lane of the intersection. When the 
Table 1 – Parameters and variables
Input parameters
vj
0 Speed of one vehicle at the moment it arrives at approaching lane j
Lj Length of lane j
State parameters
ej
P Potential energy of lane j
ej
K Kinetic energy of lane j
ej
K' Corrected kinetic energy of lane j
ej Total energy of lane j
nj Number of vehicles in lane j
vj Average speed of vehicles in lane j
hj Average distance to stop line of vehicles in lane j
s Current phase state
td Duration time of current phase
svj Number of stopped vehicles in lane j, which is also called queue length
E Vector composed of energy of all approaching lanes of the intersection
SV Vector composed of number of stopped vehicles of all approaching lanes of the intersection
X Matrix composed of vectors of energy and number of stopped vehicles
Green time calculating parameters
gi Green time of the phase that includes i-th selected historical states
ik Number of selected historical states
sum Sum of green time of selected historical states
g Preliminary estimated green time
esi Estimated green time of time i
esr Estimated green time of current time
p(V1,V2) Euclidean distance between two vectors
Auxiliary parameters
kj Parameter of potential energy
kj
1 Compensation coefficient, needs to be calibrated
M Threshold of Euclidean distance between two energy vectors
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ers that its kinetic energy at the control boundary 
instantaneously transfers to its potential energy at 
the stop line, as it is not disturbed by other vehicles.
e ejK jP1 2=  (3)
where ej
K
1 is the kinetic energy of the vehicle just 
entering the control range of lane j; and ej
P
2is the 
potential energy when a vehicle reaches the stop 
line of lane j. For the traffic flow including only one 













0 represents the average speed at the mo-
ment when a vehicle is just entering the control 
boundary of lane j; and Lj represents the distance 
from the control boundary to the stop line. These 
expressions are verified, but only if the traffic flow 
includes only one vehicle in undisturbed environ-
ment. When the flow is large, the kinetic energy of 
the vehicles cannot be completely converted into 
potential energy due to the influence of other ve-
hicles, and the vehicles may stop far from the stop 
line. A compensation factor for the potential energy, 
therefore, should be evaluated. As a result,
e k k n hjK j j j j1
'
=  (6)
In the above equation, kj
1 is the compensation co-
efficient, which requires to be calibrated. Detailed 
calibration results are shown in the simulation sec-
tion. The total energy of the traffic flow on an ap-
proaching lane can be determined as in Equations 7 
and 8:
e e ej jP jK
'
= +  (7)
e n v k k n h2
1
j j j j j j j
2 1= +  (8)
As mentioned at the beginning of this section, 
the total energy is not sufficient to determine one 
state; therefore, a state parameter is needed to iden-
tify a specific state. In this study, the number of 
stopped vehicles is selected as this parameter be-
cause it not only represents the most urgent control 
pressures but is also easily obtained and has high 
accuracy. The traffic state of the intersection can be 
represented by a matrix shown in Equation 9:
( , , , )X s t E SVd=  (9)
just similar to the fluids brings pressure to a shut-
ting valve, the coming of the traffic flow also brings 
pressure to the intersection. After the vehicle reach-
es the stop line, the kinetic energy drops to zero and, 
therefore, the control pressure of the intersection 
controller is at its maximum value. To be consistent 
with the fluids, the control pressure of traffic flow is 
also named potential energy.
S2
Low speed
High press to signal control
S1
High speed
Less press to signal control
S1 S2
Figure 3 – State of vehicle in intersection
Two values are required to calculate the kinetic 
energy of the fluids: mass and speed of the flow. For 
homogenous traffic flow, the number of vehicles 
and the average speed are seen as mass and speed 
of the fluids. The formula for kinetic energy is pre-








K indicates the kinetic energy of the traffic 
flow on lane j; nj indicates the number of vehicles 
on lane j; and vj indicates the average speed of vehi-
cles on lane j. The unit of ej
K is vm · J, where vm is 
the mass of a vehicle.
For the quantification and determination of po-
tential energy, this study defines the intersection 
control boundary line as the zero potential energy 
surface. According to its physical definition, the po-
tential energy is the product of mass and distance 
at the control boundary. It can be expressed by 
Equation 2:
e k n ghjP j j j=  (2)
where ej
P denotes the potential energy of the traffic 
flow on lane j; kj is the coefficient, and hj is the av-
erage distance to the control boundary of vehicles 
on lane j. Same with ej
K, the unit of ej
P is also vm · J, 
where vm is the mass of a vehicle.
Back to the special case in which only one ve-
hicle passes the intersection and the vehicle cannot 
pass the intersection without stopping;, since there 
is no influence of other vehicles, the study consid-
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vehicle situation. Calculate afterwards the Euclid-
ean distance between ρ(E1,E2) of the current state 
and the historical traffic states to identify the states 
with similar energy distribution. 
In order to obtain a more stable result, the five 
most similar situations are selected and the prelim-
inary estimated green time which is indicated by g 
is estimated by averaging the green time of the se-
lected states. 
g
g g g g g
5
1 2 3 4 5=
+ + + +  (12)
The detailed steps are summarized as follows:
Step 1: Picking the historical states that have the 
same green phase with the current state.
Step 2: Screening historical states whose passed 
green time, which is indicated by td, is similar to that 
of the current state. If the difference between them 
is less than three seconds, the state will be chosen. 
In the actuated signal control logic, the minimum 
green light extension time is equal to maximum al-
lowable headway, which is chosen as three seconds 
in the Signal Timing Manual [19, 20].
Step 3: Calculating ρ(SVc,SVs), where SVc is the 
state parameter vector of the current state and SVs is 
the state parameter vector of the states identified by 
Step 2. This study chose J (the number of lanes in 
an intersection) as a threshold. It is assumed that the 
average difference of motionless vehicles for each 
lane is not larger than one. The estimation result is 
sensitive to the queue length. The actuated control is 
based on the information of a loop detector. One ve-
hicle can cause the loop detector to be occupied or 
not. Two motionless vehicles for each lane can lead 
to large errors in the test. This value can be adjusted 
if other detectors are used such as traffic cameras.
Step 4: Calculating ρ(Ec,Es), where Ec is the energy 
vector of the current state and Es is the energy vec-
tor of states identified by Step 3. The threshold is 
M, which is calibrated experimentally. The specific 
results are shown in the next section.
Step 5: Selecting the five newest historical states 
from the states selected in Step 4. If only the new-
est state is selected, there may be large errors in the 
estimation results. However, since the control logic 
may be adjusted with time, too many selected states 
may lead to wrong results. According to the simu-
lation test, five newest states are most suitable. This 
value can be adjusted according to the actual situa-
tion.
Step 6: Averaging the green times of five selected 
states.
where s represents the current phase state; td is the 
passed green time of the current phase; E and SV 
are two state vectors, as shown in Equations 10 and 11:
( , , , , , )E e e e ej J1 2 f f=  (10)
( , , , , , )SV sv sv sv svj J1 2 f f=  (11)
where J represents the number of lanes that belong 
to the approaching links of the intersection. The 
state vector E represents a vector, composed of the 
energy values of each lane. SV is a state parame-
ter vector, which is represented by the number of 
stopped vehicles on each lane.
3.  ESTIMATION ALGORITHM
This Section describes an algorithm that esti-
mates the green time of the current phase by em-
ploying the energy and the number of motionless 
vehicles. The main idea of this algorithm is compar-
ing the actual state with historical states in order to 
identify the most similar one and gets the estimated 
green time of the current phase based on it. This al-
gorithm is based on the fact that if the control logic 
of an actuated signal controller does not change, the 
controller will show similar green times under sim-
ilar traffic flow states.
The pattern recognition, such as image recogni-
tion in which the Euclidean distance is applied, is 
used to find the most similar historical traffic state. 
In this study, the traffic state of the intersection is 
represented by two vectors, the energy vector and 
the state parameter vector. The Euclidean distance 
calculation is thereafter employed with these vec-
tors, as in image recognition. As the measure value 
and the meaning of the two vectors are different, 
a unified Euclidean distance cannot be calculated, 
and the recognition process needs to be divided into 
two steps. The Euclidean distance of the two vec-
tors will be calculated respectively in the two steps, 
and only the state whose two Euclidean distances 
are both short is a similar state. This study uses 
ρ(SV1,SV2) to indicate the Euclidean distance be-
tween the state parameter vectors of the com-
pared states, and ρ(E1,E2) is used to indicate the 
Euclidean distance between the energy parameter 
vectors of the compared states. As ρ(SV1,SV2) is 
smaller and much easier to calculate than ρ(E1,E2), 
the calculation process is designed as follows: ob-
tain the Euclidean distance between ρ(SV1,SV2) of 
the current traffic state and the historical states to 
screen out the states that have a similar motionless 
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4.2 Parameter calibration
In order to calibrate the parameters, different co-
efficients kj
1 and thresholds M were tested in order 
to reach better accuracy. Table 2 shows that the Av-
erage Error (AE) is minimum when kj
1 equals 3 and 
M is 3Es, where Es indicates the total energy of the 
vehicle in the special case which passes the inter-
section with a stop and is not influenced by other 
vehicles.
4.3 Observation of state estimation 
parameters
In this part, four states are compared to verify 
the rationality of selecting energy and the number 
of stopped vehicles to represent the state of traffic 
flow. The simulated traffic is shown in Figure 4, and 
the difference of energy between the state (a) and 
the others are calculated. The energy of each lane is 
calculated by Equation 8, where kj
1 is set as 3. The en-
ergy difference is the sum of absolute values of the 
energy difference of each lane. The result is shown 
in Table 3, and it can be noticed that the variations are 
increasing. Table 3 is increasing for each scenario. 
It is worth noting that the difference between the 
Step 7: Averaging the estimated results of each 
passed second of the current phase.
4.  SIMULATION
This Section focuses on building a simulation 
environment for testing the algorithm. Its accuracy 
is evaluated, and the influence of the length of green 
time, training data size, and the penetration of con-
nected vehicles are also discussed respectively.
4.1 Simulation network
A simulation environment was built in VISSIM 
9, and the algorithm is implemented in Python. An 
artery-branch intersection, controlled by the actuat-
ed controller was established to evaluate the algo-
rithm. The artery road is composed of two-way four 
lanes, and their traffic volume is 700 pcu/(h•lane) 
while the branch is made of two-way two lanes, and 
their volume is 400 pcu/(h•lane). The simulation was 
run for ten hours to collect the traffic data including 
the Basic Safety Message (BSM) and SPaT as the 
basic historical database, including vehicle location 
information, speed information, current green light 
phase, passed green time, and green time.
Table 2 – Calibration results
                                M 
                     AE
         kj
1
Es 2Es 3Es 4Es
0.33 4.48 4.49 4.52 4.56
1 3.93 4.10 4.32 4.36
1.67 5.73 3.98 4.16 4.10
2.33 8.79 5.01 4.23 4.12
3 10.45 5.71 3.39 4.12
3.67 12.31 6.82 4.95 4.08
a b c d
Figure 4 – Simulation state
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green time is from 11 to 50 seconds, so that 14 and 
46 seconds, which are near the side boundary of the 
test range respectively, are selected to show the in-
fluence of green time length. The average absolute 
error of the shorter phase is 0.89 seconds, while the 
other is less than 1.26 seconds. Meanwhile, the ab-
solute error decreases with time, until the end of the 
phase is reached. If large error values are obtained 
at the end of one phase, it may be a false lead to 
the speed guidance and other related applications, 
which may cause violation of the traffic signal or 
even safety problem. 
The training data size has a significant influence 
on the estimation algorithm. The average absolute 
error of the results estimated based on one hour’s 
data and ten hours’ data is 4.47 seconds and 3.1 sec-
onds, respectively. This corresponds to a 30% low-
er error. The larger training data size can increase 
the accuracy of the algorithm. As for the penetra-
tion of the connected vehicles, it can also influence 
the algorithm accuracy. The estimated results under 
different penetrations of the connected vehicles are 
shown in Table 4. When the penetration of CV is 
higher than 80%, the absolute estimated error is less 
than 4 seconds.
energy of state (b) and (c) is relatively low; they 
have similar distance to state (a). However, Figures 
4b and 4c seem to be very different from each other, 
indicating that the energy polymorphism needs to 
be calibrated by state parameters. After considering 
the number of motionless vehicles, (b) is closer to 
(a) than (c), which indicates the importance of the 
selection of these two parameters.
5.  MODEL EVALUATION
Under the condition that CV penetration is 100% 
and 10 hours of data are employed as the training 
data, different green time lengths are selected to 
evaluate the algorithm, and the mean absolute esti-
mated error is 3.1 seconds. The estimated results for 
different green time and the error distribution are 
shown in Figure 5. Most of the errors are between -1 
s to 1 s. The largest estimated error is less than 6 s.
In one phase, with the increase of the passed 
green time, the estimation results become more ac-
curate. The estimation results of two phases with 
different green time are shown in Figure 6 as exam-
ples. Different volumes are tested which causes a 
big large change of green time. The range of tested 
Table 3 – Difference of energy
State a b c d




























Error distribution True value of phase time Estimated phase time
Figure 5 – Estimated result
Table 4 – Influence of connected vehicle penetration
Penetration 100% 90% 80%
Absolute estimated error [s] 3.1 3.64 3.91
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true phase time was 3.1 seconds. Then, the influ-
ence of penetration of CVs, green time length, and 
the training sample size on estimation accuracy 
were tested. The algorithm is adaptive to a large 
green time length range and becomes more accu-
rate when the phase time approaches its ending. 
Furthermore, higher penetration and a large train-
ing sample size can result in a lower error.
There are some limitations in this study. The 
method proposed does not consider the combina-
tion of the detector data, which is frequently used 
to obtain the traffic state. The inclusion of the de-
tector data might further improve the accuracy of 
this study. The signal timing estimation of the arte-
rial should also be an interesting topic.
6.  CONCLUSION
This study proposed a cloud-based method to es-
timate the duration time of the current phase of the 
actuated signal controller by finding similar histor-
ical traffic states under the CVs environment. The 
traffic states of an intersection are composed of the 
traffic state of each approaching lane. Compared to 
fluids, the state of the traffic flow can be indicated 
by a state parameter and energy. The queue length 
is selected as the state parameter, and the energy is 
the sum of potential and kinetic energy.
The case study validates the accuracy and 
adaptability of the proposed model on different 
phase lengths from 11 to 50 seconds. The average 
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Figure 6 – One phase result
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